A feasible study for an in-situ stress evaluation method for solid oxide fuel cells based on Raman scattering spectroscopy was performed using two anode-supported cells with a cathode interlayer made from Samarium (Sm) doped ceria. Model cells with a dense cathode interlayer demonstrated a compressive stress of ¹100s MPa at room temperature, and the results were comparable to those from X-ray diffraction. Model cells with a porous interlayer showed complex stress conditions that deviated from in-plane stress due to their porosity, and the model cell was confirmed not to be suitable for this method. At high temperatures, compressive stress was found to decrease as temperature increased and was almost neutral at the operating temperatures of the fuel cell, with good replication. Hence, the feasibility of this method for model cells with a dense cathode interlayer was confirmed.
Introduction
Solid oxide fuel cells (SOFCs) have been eagerly developed for several decades because of their high thermal efficiency, fuel flexibility, and lower scale merit than heat engines as power generation devices. As a result of great deal effort, recently, social implementation have progressed day by day in the field of small to medium power generation systems such as domestic cogeneration systems and power stations for commercial facilities. Moreover, large power generation systems based on SOFCs have been developed, and their industrial use for the production of hydrogen gas as a water vapor electrolyzer has been discussed. 1 ), 2) Problems that limit their further implementation include high initial cost, electrochemical degradation, 3) ,4) mechanical reliability and mechanical durability 5) for long-term operation, and the logistics of the mass production of cells and stacks.
This study focuses on the stress conditions in an electrolyte of an anode-supported SOFC. An evaluation method for these conditions is developed based on Raman scattering spectroscopy, the dynamics of these stresses during operation are essential information in assessing the mechanical reliability and durability of the cells. Conventional SOFC adopts an anode-supported cell configuration, which consists of multilayered functional ceramics and other related materials. In this configuration, the anode is a strength material, and that supports the whole cell structures, and the electrolyte is a vital part of the cell to be protected from any kind of fracture. However, the anode is fabricated with NiOYSZ and reduced to NiYSZ cermet during the first operation. This reduction causes major changes to the mechanical properties of the cells 6) and influences the thermal stress stored in the anode and the electrolyte during cell fabrication. Furthermore, Ni is often re-oxidized under high loads and at shutdown. This phenomenon drastically degrades the electrical performance of the cells and is expected to exert stress on the an electrolyte. 7) Attempts have been made to evaluate the stress conditions during the operation of SOFCs. Among them, XRD has been used as a primary evaluation method for in-plain stress, i.e. stress parallel to an interface between an anode and an electrolyte.
8)11)
This is useful for evaluating in plane or flat cells. The stress conditions are also evaluated using a curvature of cells based on mechanics of strength. 9),12),13) However, the spatial resolutions of them are often insufficient to evaluate stress distribution on the cell surface. Hence, we have developed a stress measurement method based on Raman scattering spectroscopy, which can obtain Raman spectra with high lateral resolution when combined with a microscope. A conventional SOFC using YSZ as an electrolyte has a ceria based layer between an electrolyte and a cathode to prevent chemical diffusion and the formation of SrZrO 3 and La 2 Zr 2 O 7 . Ceria shows a significantly strong peak in its Raman spectra across the entire range of SOFC operating conditions. Similar to silicon devices, the position of Raman peak can theoretically provide information about lattice volume of ceria, which is related to stress conditions in the ceria interlayer. 14) These measurement can also be related to stresses in an electrolyte because an interlayer and an electrolyte are mechanically connected.
The relationship between the Raman peak shift of ceria and inplane stress in the ceria interlayer has already been established, and is expressed as
where · is the in-plane stress in the ceria interlayer [GPa] , and ¦RS is the Raman peak shift [cm
¹1
]. 15) Based on this relationship, the stress conditions in the purchased anode-supported cells are evaluated at both R.T. and standard operating temperatures, and stress relaxation during the first reduction of the anode is observed. 15)17) In this study, we purchase different anode-supported cells, and evaluate their stress conditions by this method and discuss about the feasibility of this method.
Experimental 2.1 Model cells
Button shaped conventional anode-supported model cells were purchased from two companies. Their typical cross-sectional SEM images and specifications are shown in Fig. 1 , and Table 1 , respectively. The number of layers and chemical composition of the cells, as well as the sintering processes including the sintering of the cathode following co-sintering of the anode, the electrolyte and the cathode interlayer were ordered to be the same. In contrast, the cell thickness and sintering conditions were not consistent as shown in Table 1 . Figure 1 clearly indicates that the porosities of the cathode interlayers and the anodes were different. Model cell-1 (MC-1) had a dense cathode interlayer and an anode with different porosities, while model cell-2 (MC-2) had a porous cathode interlayer and a dense anode. In this study, to keep optical passes for the incident laser, and scattering light a consistent, the cathode was removed by chemical etching using diluted nitric acid.
In-situ Raman scattering spectroscopy
An in-situ measurement system was constructed based on a micro-Raman system employing both a single and a triple monochromator with a focal length of 640 nm (Horiba, Jobin Yvon, Japan, T-64000) combined with an in-house power generation testing apparatus as shown in Fig. 2 . The apparatus comprised two glass chambers and a heater, and the top area was opened for optical measurement. Using the apparatus, model cells could be simultaneously heated to 800°C under two different atmospheres on both sides. An Ar-ion excitation laser ( = 488 nm) (National Laser, U.S.A., 800BL) was used at a power of 40 mW, and concentrated on the cathode interlayer surface by an objective lens from the top of the glass chamber. An appropriate distance from the cells was used to prevent thermal damage to the objective lens. Therefore, the magnification of the objective lens was 20©, and the laser spot size was µ20¯m.
Stress condition evaluation
In actual cathode interlayers, the chemical composition, particularly the dopant concentration, fluctuated and their temperature was also different to that taken from the thermocouple during measurement. These inconsistences strongly influenced the lattice volume and Raman peak positions. Therefore, as part of the measurement, the width of Raman peaks was adopted as indexes of temperature and chemical composition fluctuations, and the peak position and width of isolated ceria pellets were used as references of stress-free conditions. The evaluation procedures were as follows.
(1) The average dopant concentration in the cathode layer was determined from the width of the ceria Raman peak obtained from the cathode layer at R.T. (2) The temperature was corrected at a high value using the difference between observed peak widths and reference width at average dopant concentrations. (3) The change in Raman peak shift (¦RS) was obtained from the difference between the observed Raman peak positions and reference peak position at the average dopant concentration and the corrected temperature. (4) The in-plane stress was calculated using Eq. (1). Because the accuracy of this system was 0.1 cm
¹1
, this method was expected to distinguish stress change in the cathode interlayer to the nearest 10s MPa. In this study, negative and positive signs in calculated stress indicated compressive and tensile stress conditions, respectively.
Results and discussion
The stress conditions in the model cells at R.T. (18°C) are evaluated using this method. Table 2 shows the average dopant concentrations and stress conditions in three MC-1 and two 20) respectively. The stiffness of an anode is quite larger than others because of its thick layer, and the difference of stiffness leads thermal strain concentration in an electrolyte and an interlayer independent of anode porosity. Therefore, thermal stress is roughly expected only by the difference of thermal expansion coefficient and that in an interlayer is to be half of that in the electrolyte. Generally, residual stress in an 8YSZ electrolyte is supposed to be ¹100s MPa. The observed results show good agreement with this expectation. However, in MC-2, stress measured by Raman spectra has a positive sign and its value is 10s MPa with large standard deviations; the results do not correspond to the XRD results. The XRD results suggest that in-plane stress conditions are almost neutral. Thermal stress is influenced by the ratio of electrolyte thickness and anode thickness because it is decided by the force balance between them. However, the difference in the ratio between MC-1 and MC-2 is small. Hence, stress conditions in the electrolyte of MC-2 are expected to have a negative sign, with a value of ¹100s MPa, similar to the case of MC-1; the results indicate that the stress conditions in the cathode interlayer of MC-2 are different from the expectation. As shown in Fig. 3 , the cathode interlayer of MC-2 is porous and a part of the interlayer is vertically penetrated by these porosities. Around the porosity, a stress concentration occurs. For example, in the case of rounded porosity under constant stress in a thin plate, the stress concentration factor varies from 3 to ¹3. In addition, vertical space in a cathode interlayer prevents thermal stress introduction as constant in-plane stress instead of share stress introduced via an interface. These features of a porous interlayer make stress conditions scattered and complex. A large standard deviation in the results of the MC-2 supports these observations, although the specific reason for the positive sign is not yet clear. Hence, this method, assumes that in-plane stress conditions in a cathode interlayer are limited and can be adopted only for cells with a dense cathode interlayer. In addition, the large difference of averaged stress values in the same kind cells, and the difference between stress values by Raman and XRD methods in the same cell are not clear. Considering the penetration depth of visible light and X-ray, which of visible light is larger than that of X-ray, there is a possibility that this method is more sensitive to the interface conditions, at which stress and strain conditions are considered to be complex and large.
Next, the transition of stress conditions during changes in temperature is evaluated using the apparatus presented in Fig. 2 . Atmospheres during measurement were air and oxygen diluted with Ar [P(O 2 ) = 0.21 atm] at cathode and anode sides, respectively. The model cells are heated to 800°C by surrounded electrical furnace, and measurements are performed at 200°C after 15 min of annealing for stabilization. Typical Raman spectra are presented in Fig. 4 , and stress conditions are evaluated using the position of ceria F 2g peaks. The size of the electrical furnace was small due to the limited space under the objective lens. Furthermore, the position of the model cells changes slightly with each measurement. Therefore, the actual temperature of cathode interlayer surfaces, measured from the Raman peak width, deviates from the control temperature and the difference is 30°C at most. The calculated in-plane stress is shown in Fig. 5 with a 3 points-average error bar. The two model cells show different trends in relation to temperature change. In MC-1, stress conditions at R.T. are compressive and range of ¹200 to ¹300 MPa, and the values shift toward neutral conditions as the temperature increases. Stress conditions at 800°C were almost neutral. By contrast, stress conditions in MC-2 are almost neutral at R.T., and During the measurement, model cells are not cramped tightly by glass chambers. Hence, these observations are caused by the change in model cells, and provably due to the change of thermal stress. Because of the order of the thermal expansion coefficient of NiO8YSZ, rare earth-doped ceria, and 8YSZ, thermal stresses in both the cathode interlayer and the electrolyte are compressive, and compressive thermal stress is relaxed as temperature increases if large deformation does not occur. The observations in MC-1 almost correspond to the trend of thermal stress. However, observations in MC-2 are different. As described in Fig. 3 , the cathode interlayers in MC-2 are porous, and stress conditions in the porous layers become complex and deviated from in-plane stress conditions. However, if this stress change is only caused by thermal stress relaxation, temperature dependency also shows the same directional change. So, other factors probably relate to these behaviors in MC-2.
To evaluate transition of the stress conditions with temperature in MC-1, thermal stresses in the anode supported cells consisting of three layers are calculated using a rigid 2D model comprising three layers, as described by Eqs. (2)(4):
where T O , TEC n , E n ,¯n, F n , · n , ¾ n , and t n are the sintering temperature, thermal expansion coefficient, Young's modulus, Poison's ratio, in-plane force, in-plane stress, in-plane strain, and thickness of each layer, respectively. The subscript suffix n indicates each layer. After sintering, the three layers connect each other with the size of l O , and are then cooled to temperature T. l n , which is a thermally shrunk length in each layer, is calculated by Eq. (2) . l is the balanced length of a cell considering the balance of force [Eq. (4)], which is calculated from the stress and thickness of each layer. Stress in each layer is calculated using the balanced, shrunk lengths and the mechanical properties in each layer. By solving these simultaneous equations with the mechanical properties in Table 3 15),21), 22) and thicknesses in Table 1 , the thermal stress in each layer of MC-1 is obtained. In the calculation, the sintering temperature is assumed to be 1400°C, as shown in Fig. 6 . In the layers, the anode shows the highest TEC, and is thicker than the other two layers by over ten times. Therefore, the anode compresses the other two layers during cooling after sintering, and its stress direction is tensile and its values are less than 10 MPa. By contrast, the other two layers show compressive stress conditions, and their values are over ¹100s MPa in the operating temperature range of R.T. to 800°C. Comparing this with observed results, stress conditions are close to the calculations from R.T. to 400°C. Stress conditions at R.T. are compressive and the values is 100s MPa, and the stress relaxes linearly as temperature increased. However, the stress behavior deviates over 400°C. The calculation indicates that stress conditions at 800°C are still compressive and relax with a linear relationship to increases in temperature. The observed stress conditions tend to deviate from this linear relationship and showed a low dependence on temperature. Actually, the parameters used in this calculation originally have temperature dependencies themselves. For example, Sumi et al., described the thermal stress transition in a Sc-doped ZrO 2 electrolyte, which co-sintered with NiOYSZ at 1350°C by using XRD.
11) By their observation, the stress conditions in the electrolyte relaxed to zero at 1000 K. They also reported that TEC of ScZrO 2 showed large temperature dependence and had close values to NiOYSZ anode at high temperatures. It was discussed that this temperature dependence was responsible for the stress relaxation. Although TEC of 8YSZ does not show significant temperature dependence, slight TEC increment of ceria and rare-earth doped ceria as temperature increases are reported.
18),23) These TEC temperature dependences might make stress at high temperatures relaxed, or there might be other factors such as the usage of sintering setter or creep deformation, which influence stress conditions. Hence, 
Conclusion
In this study, the feasibility of an in-situ stress measurement method based on Raman scattering spectroscopy for various anode-support cells with a rare earth-doped ceria interlayer was evaluated. Results indicated that this method was not suitable for cells with a porous interlayer because stress conditions in the porous interlayer were differ from the in-plane stress conditions assumed by this method. In contrast, results of cells with a dense interlayer indicated stress conditions were evaluated precisely in the temperature range of R.T. to operation temperatures. Hence, this method was considered feasible for anode-supported cells with a dense interlayer.
